Introduction: Treatment with dopamine agonists in patients with prolactin (PRL) adenomas and Parkinson's disease is associated with central side effects. Central side effects may depend on a substance's ability to pass the blood-brain barrier, which can be actively controlled by transporter molecules such as the P-glycoprotein (P-gp) encoded by the ABCB1 gene. Materials and methods: We aimed to determine whether cabergoline is transported by the P-gp and whether polymorphisms of its encoding ABCB1 gene predict central side effects of cabergoline therapy in patients with PRL adenomas. i) In an experimental mouse model lacking the homologues of the human ABCB1 gene (Abcb1ab double knockout mouse model), we examined whether cabergoline is a substrate of the P-gp using eight mutant and eight wild-type mice. ii) In a human case-control study including 79 patients with PRL adenomas treated with cabergoline at the Max Planck Institute of Psychiatry in Munich, we investigated the association of four selected ABCB1 gene single nucleotide polymorphisms (SNPs) (rs1045642, rs2032582, rs2032583 and rs2235015), with the occurrence of central side effects under cabergoline therapy. Results: i) In the experimental mouse model, we observed that brain concentrations of cabergoline were tenfold higher in the mutant mice compared with their wild-type littermates, implying that cabergoline is indeed a substrate of the transporter P-gp at the blood-brain barrier level. ii) In the human study, we observed significant negative associations under cabergoline for the C-carriers and heterozygous CT individuals of SNP rs1045642 with two central side effects (frequency of fatigue and sleep disorders) and for the G-carriers of SNP rs2032582 with the enhancement of dizziness. For the SNPs rs2235015 and rs2032583, no associations with central side effects under cabergoline were found. Discussion: This is the first study demonstrating that individual ABCB1 gene polymorphisms, reflecting a different expression and function of the P-gp, could predict the occurrence of central side effects under cabergoline. Our findings can be viewed as a step into personalised therapy in PRL adenoma patients.
Introduction
Prolactin (PRL) hypersecretion is the most common endocrine abnormality due to hypothalamic-pituitary disorders, and PRL adenomas, adenomas arising from lactotroph cells of the anterior pituitary, account for about 40% of all pituitary tumours with an annual incidence of six to ten cases per million population (1) . The primary therapy option is the dopamine agonist therapy with cabergoline, a selective ergoline derivative dopamine agonist of dopamine 2 (D2) receptors (2) . The most common side effects under cabergoline therapy include not only gastrointestinal symptoms but also postural hypotension, dizziness and headaches, with a varying frequency in different study populations (12-31% for nausea, 12-30% for headaches, 6-25% for dizziness, 13% for fatigue and 10-15% for abdominal symptoms) (3, 4) , symptoms that lead in some cases to discontinuation of cabergoline. In patients with Parkinson's disease, where the symptoms of the loss of dopaminergic neurons are being treated with cabergoline and other dopamine agonists, similar data for nausea, dizziness, headaches and fatigue have been documented (5, 6, 7) . Apart from these common side effects, some other, rarer central side effects such as impulse control disorders (ICDs) (i.e. pathological gambling, compulsive shopping, hypersexuality and binge eating) have been recently reported (8, 9, 10, 11) . These symptoms are generally characterised by the maladaptive nature of the preoccupations and the inability to control these urges. They mainly have a de novo onset after the initiation of dopamine therapy in higher dosages, usually seen in patients with Parkinson's disease (12) . Problems related to pathological gambling have been described in Parkinson patients with a varying frequency from 3.4 up to 6.1% (13) , and significantly increase beyond that of the general population. In nearly all described cases, patients had no history of gambling before dopamine agonist therapy (14, 15) . Recent data from a multicentre study on 3090 patients with Parkinson's disease in the USA further support these findings, reporting an incidence of all ICDs as high as 13.6% (16) . Symptoms such as pathological gambling, compulsive shopping and hypersexuality tendency have also been described in patients with restless legs syndrome treated with dopamine agonists, but the prevalence is less clearly established (17, 18) . Regarding sleep disorders, add-on cabergoline therapy has been reported to improve sleep quality in advanced Parkinson's disease patients (19, 20) , but in de novo patients with Parkinson's disease, it may have negative effects on rapid eye movement (REM) sleep (21) , and studies on PRL adenoma patients have not been conducted up to now.
In patients with PRL adenomas, these rare central side effects have not systematically been investigated, whereas distinct dopaminergic personality patterns have been already described (22) . Until now, there is only one case series and three case reports that describe dopamine agonist-induced pathological gambling and hypersexuality (8, 9, 10, 11) . All patients had a free psychiatric history and developed the symptoms after initiation of the low-dose dopamine agonist treatment.
The central side effects of systematically administered drugs, such as cabergoline, may depend on their ability to pass the blood-brain barrier, the physical barrier of the CN formed by endothelial cells and astrocytic expansions that restrict the penetration of specific molecules into the brain. The concentration of the medication in the CN has been found to be actively controlled by transporter molecules that are expressed at the luminal membrane of the endothelial cell lining. One of these molecules that transports substrates out of cells back into the blood circulation is a P-glycoprotein (P-gp), encoded by the ABCB1 gene (or alternatively multidrug resistance gene -MDR1), located on chromosome 7 (23) . P-gp acts as an efflux transporter that uses ATP as an energy source, in order to transport certain substances out of the brain, and probably developed as a protective mechanism for the CN against harmful substances (23) . If the function and expression of P-gp is reduced, the amount of a substrate that is removed from the brain tissue is reduced, and the intracerebral concentration remains high. On the contrary, by inducing the function of P-gp, larger amounts of the substrate are excreted, keeping the brain drug concentration low. If patients are treated with a substrate of P-gp, functionally relevant genetic variants in the ABCB1 transporter gene could influence intracerebral drug concentrations and, thereby, clinical response and side effect profile (23, 24) .
Genetic variants in the ABCB1 transporter P-gp correlate with different functional levels of the P-gp and intracerebral concentrations of antidepressants. This is associated with a different clinical response to these antidepressants (23, 24, 25) . To date, more than 95 single nucleotide polymorphisms (SNPs) have been identified (23) . The following four SNPs: rs045642, rs2032582, rs2032583 and rs2235015, have been associated with an altered expression and function of the P-gp.
In a recent study of Uhr et al. (24) , there was a clear difference in the genotype distribution of rs2032583 and rs2235015 between remitters and non-remitters to antidepressant therapy in favour of C-and T-carriers respectively. Another study by Kato et al. (26) showed that the C-variant of rs1045642 and the G-variant of rs2032582 were similarly linked to a higher expression and function of P-gp, resulting in a poorer treatment response and lower remission rates to antidepressants. We therefore hypothesised that the C-and T-carriers of SNPs rs2032583 and rs2235015, linked to decreased function and activity of P-gp, could be a riskaggravating factor for the occurrence of side effects under cabergoline. On the contrary, the C-variant of rs1045642 and the G-variant of rs2032582 were found to lead to increased functionality of P-gp and therefore could be a protective factor for the occurrence of side effects. We therefore selected these four SNPs for genotyping analyses in our study.
The aim of our project was to determine whether the functionality of P-gp is related to cabergoline levels in the brain by means of in vivo experiments with an Abcb1ab double knockout mouse model. Among all dopamine agonists used for the treatment of PRL adenomas, we chose cabergoline as it is the gold standard medical treatment for PRL adenoma patients (2) . We further planned to investigate whether polymorphisms in the ABCB1 gene could predict the occurrence of central side effects in PRL adenoma patients treated with cabergoline.
Materials and methods
In vivo experiments using Abcb1a and Abcb1b double knockout mice
To examine whether cabergoline is a substrate of P-gp, we developed an in vivo assay using mouse mutants lacking the homologues of the human ABCB1 gene (i.e. Abcb1ab double knockout mice) and used eight wild-type and eight Abcb1ab double knockout mice. All animal experiments were conducted in accordance with the Guide for the Care and Use of Laboratory Animals of the Government of Bavaria, Germany, as described extensively in a previous study (24) . We only used male mice in order to avoid any hormonal implications in our experiments. In our experimental model, cabergoline was administered subcutaneously in the nape of the neck through surgically implanted osmotic infusion pumps, which continuously delivered cabergoline at the scheduled concentration of 3 mg daily for a period of 11 days. After this period, the mice were anaesthetised and killed. The dissected organs (brain, spleen, kidneys, lungs, liver, testes and intestine) were homogenised, a liquid-liquid extraction procedure was performed and HPLC measurements and statistics were carried out, as described previously (24) , in order to assess the organ/blood ratio in both the Abcb1ab (K/K) mutant mice and their wild-type littermates.
Human case-control SNP association study
Patients diagnosed with PRL adenomas were identified through the electronic database of our Institute and contacted by letter and/or during their regular visits. Written informed consent was obtained from all the participants in the study, and the study was approved by the ethics committee of the Ludwig-MaximilianUniversity of Munich. Patients over 18 years with the diagnosis of a PRL adenoma (micro-or macroadenomas) treated with cabergoline during the disease history were included in the study. Exclusion criteria were age under 18 years, patients unwilling to participate and hyperprolactinaemia due to other causes (e.g. medical treatment, hypothalamic disease, other pituitary disease, pregnancy and lactation). Patients that experienced the examined symptoms (or side effects) under cabergoline treatment (answered with 'yes') were considered as cases and patients that did not experience these symptoms (answered with 'no' for the relevant question) as control group. The exact numbers in the case and control groups depended on the symptom and is presented in detail in Table 1 (e.g. in the case of headaches under cabergoline, the number of cases was 26 and there were 38 controls who did not experience this symptom. In the case of enhancement of headaches under cabergoline, the cases were ten patients and the controls 55).
Questionnaires
The patients' central side effects were investigated with standardised and customised questionnaires that were sent to these patients with the request to return them in prepaid envelopes. The questionnaire encompassed socioeconomic and baseline characteristics and questions regarding their medical history. Clinical characteristics of the subjects were collected with regard to disease history, tumour characteristics, previous and present therapy and comorbidities, as well as present complaints, as published previously (27) . We asked the patients to evaluate their symptoms in terms of presence, change, enhancement, reduction or consistency under dopamine agonist therapy. In the case of missing data or uncertainty, additional information was obtained by review of patient files. The first draft of the questionnaire was developed by identifying areas of interest, and after screening and research on potential standardised questionnaires. The first version of the questionnaire was distributed to: i) a group of five experts at the Max Planck Institute; and ii) a small DNA preparation, SNP selection and genotyping of the ABCB1 gene
In order to perform the genetic analyses, we collected blood or saliva samples (if it was the patients' preference) to determine the potential associations between the ABCB1 gene variants and central side effects of cabergoline treatment in these patients. Forty milliliters of EDTA blood were drawn from each patient and DNA was extracted from fresh blood using the Puregene whole-blood DNA extraction kit (Gentra Systems, Minneapolis, MN, USA). Alternatively, for the patients that did not attend our Outpatient Unit at the study point, Oragene DNA self-collection kits (OG-500-tube or OG-250-disc format) were sent to their home address, and they were asked to return them with saliva samples in prepaid envelopes. Saliva samples were collected according to the manufacturer's instructions that were enclosed in the German language. A 500 ml aliquot of an Oragene DNA saliva sample was used for the DNA extraction according to the manufacturer's instructions. Genotyping was performed with a LightCycler 480 Genotyping Master (detailed genotyping procedure presented in Supplementary Materials and methods, see section on supplementary data given at the end of this article). Four ABCB1 SNPs were genotyped (Table 2) , SNPs were selected from dbSNP (http://www.ncbi.nlm.nih.gov:80/) according to previously published data, that revealed altered expression and function of the P-gp. None of the SNPs showed a significant deviation from the HardyWeinberg equilibrium and all genotypes could be determined (call rate 100%).
Statistical analysis
Statistical analysis was performed using the SPSS Version 16 for Windows. In the frame of the formulated hypothesis of the central side effects of treatment with cabergoline, percentages and frequencies of these symptoms under hormonal treatment were calculated. We also retrieved data from the disease and personal history and medical procedures, and means and S.D. were calculated. The differences in continuous and categorical variables between two groups were analysed by the unpaired t-test (two tailed) and c 2 . A two-tailed P value of 0.05 was considered statistically significant with a 95% confidence interval after corrections for multiple tests were performed. Empirical, instead of asymptotic, P values were reported. These were calculated with a permutation-based method using permutations. SNPs were analysed using WG-permer software (http://www.wg-permer.org) by testing for the following models of association: allelic, carrier and heterozygote vs homozygote. Correction for multiple tests was performed using the minimum P method of Westfall & Young (28) (Pwycor).
Results
In vivo experiments using Abcb1a and Abcb1b double knockout mice As P-gp transfers its substrate against a concentration gradient outside of the brain back into the blood circulation, animals lacking P-gp should have higher substance concentrations in the brain than control animals. This is exactly what we observed in our in vivo experiments. As shown in Fig. 1, brain concentrations of cabergoline were ten times higher in the mutant mice compared with their wild-type littermates (data represented as an organ/plasma concentration ratio). In addition, differences in the testes/plasma ratios were found for cabergoline, which indirectly indicate that the blood-testis barrier is also partially regulated by P-pg. No differences in the organ/plasma ratio concentration of cabergoline were found between Abcb1ab (K/K) mutants and their wild-type littermates for other organs such as the spleen, kidney, liver, lungs and intestine (Fig. 1) . , mean maximum dose of cabergoline 1 mg/week, range 0.25-7 mg).
The initial diagnosis was equal to micro-(54.4%) and macroadenomas (44.3%). The mean serum PRL concentration at baseline was 982.3G2245.3 ng/ml. Eight patients had undergone surgery (six transsphenoidal and two transcranial) and one of these patients had received additional radiotherapy. In all patients, pituitary function (with not only basal fasting measurements of PRL, IGF1, TSH, free thyroxine, free triiodothyronine, LH, FSH, testosterone and oestradiol but also stimulation tests such as short ACTH test, GHRH/arginine test or insulin hypoglycaemia test) was assessed. At the study point, 54 patients had normalised PRL values. Fifteen patients had the diagnosis of pituitary insufficiency of at least one axis that was, not surprisingly, strongly correlated with the diagnosis of a macroadenoma (P!0.001). The most affected axis was the gonadotropic axis with 12.7%, followed by the corticotropic (8.9%), the somatotropic (5.1%) and the thyrotropic axes (3.8%). The diagnosis of pituitary deficiency was based on previously reported criteria (29) . All patients were studied under optimised hormone replacement.
In the study population of 79 patients with PRL adenomas treated with cabergoline, mainly central side effects/symptoms such as headaches, increased libido, depressed mood, sleep disorders, fatigue, dizziness and aggressiveness were reported under cabergoline therapy (Table 1) .
We evaluated all the symptoms in terms of presence and change (enhancement vs reduction or consistency). The patients reported primarily the enhancement of fatigue and increased libido and secondarily the enhancement of depressed mood. In terms of all disorders examined, we found statistically significant changes of all symptoms when compared with the presence of the symptoms under treatment. All the symptoms addressed and the frequencies observed in terms of presence and change under treatment with cabergoline are presented in Table 1 .
Association analysis among the seven most common neuropsychiatric central side effects of cabergoline and ABCB1 polymorphisms in PRL adenoma patients treated with cabergoline
As cabergoline was the only dopamine agonist tested to be a substrate of P-gp, we examined the effects of the ABCB1 SNPs on self-reported central side effects under treatment with cabergoline only. We selected the most common central side effects (fatigue, headaches, sleep disorders, dizziness, increased libido, depressed mood and aggressiveness) and tested them in different genetic models. In the carrier model, the carrier of a specific nucleotide was compared with the non-carrier. In the allelic model, each nucleotide was evaluated having a twofold higher effect in the genotype, whereas in the heterozygous vs homozygous genotype model, each SNP was compared.
Association of SNPs rs1045642, rs2032582, rs2032583 and rs2235015 with central side effects under cabergoline treatment
We found that the SNP rs1045642 had an influence on two side effects under cabergoline: fatigue and sleep disorders (Supplementary Table 1 , see section on supplementary data given at the end of this article and Table 3 ). More specifically, significant effects were observed for the C-carriers of rs1045642 that presented less frequent fatigue under cabergoline in comparison with non-C-carriers (PwycorZ0.04, ORZ0.23). Additionally, the heterozygous CT individuals presented less frequent sleep disorders in comparison with homozygous CC or TT (PwycorZ0.02, ORZ0.20).
SNP rs2032582 turned out to have an influence only on enhancement of dizziness under cabergoline in favour of G-carriers (Supplementary Table 2 , see section on supplementary data given at the end of this article and Table 4 ). More specifically, in the analysis of SNP rs2032582, G-carriers seemed to be protected from enhancement of dizziness under cabergoline when compared with non-G-carriers (PwycorZ0.05, ORZ0.14). For SNPs rs2032583 and rs2235015, our study showed no statistically significant influence on the examined side effects.
Discussion
For the first time, we could demonstrate that cabergoline is a substrate of the transporter molecule P-gp at the level of the blood-brain barrier in an experimental mouse model. Going a step further, we showed that this fact has consequences for cabergoline-treated humans, insofar that genetic variants of the ABCB1 gene, which encodes the P-gp, account for differences in the central side effects of cabergoline, most likely by influencing its concentration in the brain.
The P-pg activity depends on the expression of the molecule and, also, on its functionality. Both parameters seem to interfere and secondarily influence intracerebral concentrations of the substrates of P-gp. There are only a few studies to date addressing the influence of the P-gp encoding ABCB1 gene polymorphisms, and all of them refer to antidepressants that are substrates of this molecule (23) . In this case, a low P-gp activity is desired in order to achieve higher intracerebral concentrations and to increase the remission rates. The interindividual and genotypic variability of the P-gp in the blood-brain barrier could influence secondarily the degree of expression and the functionality of the ABCB1 gene product and, therefore, directly affect the therapeutic effectiveness of agents that are substrates of P-gp. Mihaljevic Peles et al. (30) implicated that rs203582 and rs1045642 did not influence the response to paroxetine, and both Peters et al. (31) and Laika et al. (32) showed that none of the genetic polymorphisms in the pharmacokinetic genes examined were significantly associated with response or tolerance. However, both Kato et al. (26) and Hoffmeyer et al. (33) reported that the C-variant of SNP rs1045642 and G-variant of SNP rs2032582 were associated with higher P-gp expression and function and, therefore, poor response to antidepressants. On the other hand, conflicting results have also been reported (34) , showing an increased remission of depression in the G-carriers of SNP rs2032582 due to higher antidepressant intracerebral concentrations.
These latest results are in accordance with our findings, reporting fewer central side effects under cabergoline in those individuals that have the 'protective' genotype. Nevertheless, our study was focused on the evaluation of some specific genetic predictors of the ABCB1 gene. We suppose that there are further transporting molecules and genetic pathways that influence the metabolism and action of cabergoline in the brain circulation, and further studies need to be conducted to elucidate these mechanisms.
At this point, it has to be underlined that the goal of our study was not to examine the effect of the individual ABCB1 gene polymorphisms on treatment response or dose required to achieve remission, as the pituitary gland is located outside of the blood-brain barrier where the P-gp is controlling the penetration of the substrates into the CN. As in the case of every study, our investigation also has limitations and strengths. We first used a mouse model, and not humans, to test the function of P-gp. In humans, P-gp is encoded by a single gene (ABCB1) located on chromosome 7. In mice, there are two gene homologues, the Abcb1a and the Abcb1b (35) . Although Abcb1a and Abcb1b are not always expressed in the same organs, the overall distribution of these genes in mouse tissue seems to coincide with that of the single ABCB1 in humans, indicating that both mouse gene homologues have a similar function in the mouse and in the human ABCB1 gene (24) . Another limitation of our experimental model is that we did not conduct measurements of the organ/plasma ratio of cabergoline in the pituitary and separately in the hypothalamus or other brain areas to determine whether there is a direct correlation with the known side effects.
Regarding the limitations of the clinical study, we might have selected a particular group of patients not reflecting the usual PRL adenoma sample, as we are in Endocrine Outpatient Clinic at a psychiatric institute. Additionally, the participation rate of our study was 30%, which might have introduced an additional selection bias. In the initial group of 308 patients, 198 were diagnosed with microadenomas and 110 with macroadenomas, whereas in our study group we observed an equal prevalence of micro-and macroadenomas, probably reflecting the increased health concern of the latest group of patients. We therefore have to assume that in terms of tumour type, our group did not reflect the initial group of patients treated in the Endocrine Outpatient Clinic. However, both types of adenomas were sufficiently represented.
As expected, few patients underwent surgical therapy, reflecting the high rate of remission under medical treatment. Eighty-six percent of the patients in the initial group received cabergoline, which is the dopamine agonist therapy of choice (2) . As our group included subjects with a long disease history, not only cabergoline but also other dopamine agonists such as bromocriptine, lisuride and quinagolide had been additionally used during the disease history and might have influenced the report of symptomatology. Additionally, due to the relatively low response rate, we have to hypothesise that the patients that finally participated in our study probably were more affected by the pituitary lesions and, thus, due to increased health concerns, dedicated their time to participate in our study.
Another additional source of bias is the 'missing data' that occur from a false response or misunderstanding of the questions (measurement bias). The data collected for the study were obtained mainly from the questionnaire and, in the case of missing data or uncertainty, additional information was obtained by file review. Therefore, the results consisted partly of information based on the patient's own perception. The reported trends, e.g. for depressed mood or aggressiveness, reflected the patient's impression of his symptoms and were not validated or diagnosed by a specialised physician according to the ICD-10 (ICD-10: International Statistical Classification of Diseases and Related Health Problems 10th Revision), which might have led to underreporting of the variable 'central side effects'. Further, it should be mentioned that for each SNP examined, only a few of the central side effects under cabergoline showed significant correlation. This phenomenon could be attributed to the fact that cabergoline and dopamine in the CN do not play the same role for all symptoms or that additional factors that were not examined in this study influenced the occurrence of side effects, leading to non significant associations (e.g. other neurotransmitters apart from dopamine have been found to influence the prevalence of depression and this could be reflected by the negative association between this symptom and the examined SNPs).
In summary, this is the first study that, using mouse mutants lacking the homologues of the human ABCB1 gene (i.e. Abcb1ab double knockout mice), demonstrates that cabergoline is a substrate of P-gp. The results from the human case-control SNP association study, although limited by the relatively small number of patients, suggest that polymorphisms of the ABCB1 gene, accounting for differences in function and expression of P-gp and, therefore, the intracerebral bioavailability of cabergoline, could predispose for fatigue, sleep disorders and dizziness under cabergoline. This is the first study showing that ABCB1 gene polymorphisms could account for the occurrence of central side effects of this systematically administered medication, leading to an individual's central side effect profile. This could lead in the future to an adaptation of the treatment of individual patients.
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